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GLOSSARY | 5
o ETH =  Ethanol
2EHbH = 2-ethylhexanol
NDD = n-dodecane
d HDEHP = di (2-ethylhexyl) phosphoric acid
TDOH = tridecanol
UNFOH = Unmberex-N- fatty alcohol
¢ DEHEHP = di (2-ethylhexyl) 2-ethylhexyl phosphonate
TBP = tri-n-butyl phosphate
DBBP = Dibutyl butyl phosphonate
. TLA = trilaurylamine ‘
TLAO = trilaurylamine oxide
2EHOOH = 2-ethylhexanoic acid
* S3MPOH =  3-heptanol
NBUAC = n-butyl acetate
DNEHP = dineopentyl-2-ethyl hexyl phosphonate
. D = distribution coefficient for efhanol either as
€ concentration or weight ratios
D, = distribution coefficient for water either as
o concentration or weight ratios
Xe = weight fraction ethanol in the raffinate.
Xw = weight fraction water in the raffinate
. Ye = weight fraction ethanol in the orgam'c-phase
Yo = weight fraction water in the organic phase
S = ethanol-to-water selectivity = De/Dw
@
L




Fuel=Grade Ethanol Recovery by Solvent Ext~action?
Technlcal Progqress Repcrt for September 15, 1980
thr ough Seotember 15, 1981
De We Teddery, Ce¢ Lo Llotta*, Ke Be Gargy, We Yo Tasuflk,

Ls He Krosnowskl

Experimental and computational analyses suggest that |lauld/ilauild
extraction reoresents a technlically feasible alternative to distltiatlon
for the recovery of fuel=grade ettanol from dilute agueous mlixtures,

The class of hlgh bolllng allphatlic alcohols contalns several specleas
which are avallable commerclalty for around 5C cents per pound In bulk
veluma and that represent useful extractants when oroperly blended.
Sultanle blendlng agents lnclude the class of lnexpenslivey, normal
paraffinlc ~eflnery products such as NORPAR=1Z and branched pa~atftialc
cuts Ilke ISOPAR=Ge Chlorlnated diluents, such as tetrachloroethane,
greatlvy Increase the solvent selectlvity, put they are probably not
usable 35 dlluents due to tnelr relatlvely hlgh tcxlcitles and
volatitities. The exoerlmental data also sugqest, however, that

10 vol % dodecyl alcoho! In NORPAR=12 witl recover a 98 wt X ethardl
product from an ajueous ptase contalning ethanol concentratlons as fow
3s 15 wt %Z. Twenty vol Z trldecy! alcohol fn NORFAR-12 wlll recover a
98 wt 7% product ftrom etharol concentrations as lor» as 10 wt % and

5C vol Z trldecy! alcohol In tetrachloroethane wlll recover a 38 wt X
ethanol product from etharo! concentratlons as low 3as 5 wt X. Each
recovary system requlres only one solvent extractlon cycle followed by 3
vacuum stripolng step to Isolate the ethanol product. Experlmental data
are p~esented for 28 candldate solvent extractlon systems.

*Schoal of Chemlstry, Georgla Instlitute of Technoloay.




1 INTRJOODUCTION

The goal of thls program is the development of a cost-effectlve and
energv=atficlant 1 lauld/llauld solvent extraction process which can
recovar fuel=orade ethanol frow dilute fersentatlon llquor
(about 10 wt Yethanol or 1ess)e In thlis cases =tyel=~grade™ rafers fto
ethanol mixtu~es contalnlrg roughly less than 2 wt % water whlch do not
form a second aqueous bhase when mixed In 3 8 to 1 gasoline=to~ethanol
product volume ratlce Gasahol prcducts mada from ethanol f eeds toc«s
contalning at least 98 wt X ethancl do not form water hazZes whan they
are dituted with stralght unleadecd gasollne. Thls physlcal property Is
a very Imoortant one which ls generally not exhiblted by qasaho |

mlxtures which are made from less than fuel-grade ethanol teaidstockss

On the other hand,a low-grade ethanol feedstock ,say 30=95 wt %
ethanol, may ne recovared from a single solvent extraction cvcle and
used t0 produce a low~grade gasahol product wlthout achlevlirg 2
fuel=3r3de quallty In the ethanol teeds fock beforehands, Moreovery thls
optlon ls Intrigulng because It cculd vierld substantlal energy saving In
gasahol produztlon, but [t may also requlre the subseauent addlftlon ot 3
aasahol modifler to prevert water haze formation whenever the gasahol Is
dituted with stralght gasoline, Al so, any such modlfled gasahol

products wlil reaulre a careful evaluatlon of thelr mntor

craracteristics as well 3s the cost of the modltler,




In additlons any vlable ilauld/1lauld solvent extractlon orocess
must oermlt solvent recycle with low solvaent tosses and make-uo costs In

order to compete economlcally witt dlstlitation technlaues.

The solvent toxlicity both to the general environment and 3any
micro=organlses that may be used to produce the dilute fermentatlon
{lauor, the feed to the recovery process, are also imoortant ezonomlc
tactors. Thls aspect of the oroblewm, howevers ls cur~ently beyvond the
scooe of the research program, The toxlclty aquestlon may bEe ajdressed
mcre oroperly Iln the third year of thls study after a baslc recovery

process h3as been demontrated on an Integrated, pench=scale basls.

Provious studles at Georgla Tech (1-L) resul ted In several
processlng conceonts for ethanol recovery that Invaolve contlnuous
termentatlon, solvent extraction, and several alternatlive solvent
strlpolng stess, The Inltlal case study (1) lIndicated that recove-y
costs mlaht be reduced bv 3s much as &0 ¥ when corpared to a vacuun
fermantor and conventlonal fractlcnator combinatlon (5) that produced
tre 95 ¥ azeotrope, The projectec cavlings are greatery howeve™, wnhen
tre comparlisons (8,9 Include the benzene drylng steo., Alsoy the
lnitlal case deslan basls assumed an organlc=to=agueous volumetric flow

ratlo of about ten=to-one whlch ncw appears overly conservatlve.

9n the other hand, 1t may be necessary or deslraotle In sowe c3set
to deslgn a two~cycle (&) process tor recoverlng fuel-grade ethanol
feedstock for gasahol production. In ttese casesy the first cycle would

be oparated primarlly to achleve a hlgh ethano! recovery whlie




dischargling the bulk of the water as el ther a waste stream or else to
tre fermentor as recycle. The second cycle would be operated orimarliy
to dr; the final oroduct to 'fuél-grade“ tevels ard the rafflnate trom
tris tatter step would be recycled to the tirst recovery cvcle In order
to 1Imlt ethanol losses. Alternatively, the second cycle may consist of
tre actual gasahol oroductlon step and a modifier additlon 1f a

| ¢cw=-qrade ethanol feedstock ls produced by the flrst ~ecovery cycle.,

The Georgla Tech processes are based upon the primary assumption
that a solvent phase exlsts whlch consists ot one or »ore chemlcal
cpecles that are hlgh=bolters, relatlve to ethanol, and that can be
reasonably used to separate ethancl from water. Under these conditlors,
tre resulting clarlfled extract can then be strioced of Its ethanol
content by vacuum dlstltlatlon, for examoles, wlth the solvent recycled
to the extractlon cascade, The ethancl vapors which are prorduced by
striooing must then be condensed to yvleld the final ethanol oroduct and
a reflux stream, If It Is needed, whlch may be sent back to elther the
recovey or drylng cvcless Thus, the two=-Step orocess of tirst
extracting the athanol away from the water, ani tren stripolng It from
tre solvent, avolds tre use of a reboller as Is focund In dlstillatlion.
On the other hand, the vapor condensatlorn step may reaulre refrigeration

and, therafore, electrlcal or mechanlcal=-shaft work.

In prlnclple, the Georgla Tech recovery processes may also be Jsed
with contlnuous fermentors. In trls case, there ls recycle between the
fermentors and the first solvent extractlon cascace. In partlcula~y the

extractlon cascade recelves a clarlifled llauor from the fermentors and




returns lts ratflnate to the fermentors. Slnce the rafflnate Is
contaminated with solvants, the sclvent cannot be highly toxlic to tne
yeast and the extant to whlch solvent decontaminatlon 1s reaulired In
order to malntain tte viablilty of the ethanol=producing micro=-oraanlsas
has not been clearily establlshed at this tTlme. However, iimlted studles
with simltar solvent systems have been carrled out by researciers at

Penn State (7).

Assurlnag that any toxlclty effects due to the solvent can be
overcoma, then there are at least three favorable synergisms between the
fermentatlon orocess anc the recovery process. First, slnce the
rafflnate Is 3 feed to the fermentor rather than a waste, the ontlimal
alcohol lavels are recucecs Thils effect makes thre recovery step more
enerqgy=etficlent. Second, the solvent extractlon cascade can be
operated so that the ootimal ethanol concentratlors In the fe~mentor can
be maintalned, Thls effect makes the fermentor wore efficlent, Thlra,
the solvent 1osses from the extractlon process are reduced by the
termentor since the clarlfled tlquor entering the recovery Drocess as a
feed Is already nearly saturated. Thls effect tends to decrease solvent
{csses both by entralrment and solublilty. Thusy the nhab ltual recyzle
betwean these two processlini steos ls envisloned to have favorable

etfects on the overall production system that nelthe~ subsystew has

alone,




2 EXPERIMENTAL

The experlmental efforts have focused on the ldentlflcatlion ot a
solvent systen wlth sultable physlcal orooertles for use In large-scale
commerclal recovery systems. In thls reaard, one Ilmoortant constralat
ls the solvent cost (hopefully arcund 50 cents per pound) and, secondly,
1ts tevel of chemlcal toxlcltye. The first constralnt Ilmlts practical
extractants to substances that are avallable 1 bulk gquantlities as
chemical Intermedlates. The sacdnd constralnt may oreclude the use of
halogenated substances, such 3as tetrachloroethane or chlorofo~m, tnat
are relatlvely dry, but also toxlcs Because of tre relatlve selectlivity
of chiorlnated solvent moditled systemsi howevery hrlgnebollling specles
mhlch are commnerclally aiallable may be attractlve for some

appllcatlons.,

2.1 Scoutlna Iests

In order to rapldly evaluate alternatlive extraction systens,
ceveral slmple "scouting™ procedures have been used, A few mliilllters
of the candldate extractant and a water=-ethanol mixture are placed In
Separate test tubes, Thelr respectlve Indlces of refractlon are then
measured. Susseauently, the orgarlc and ajueous voluwes are
equlllbrated In a test tube by vigorous shaklng for about one winuta,

The two phases are then alliowed tc separate and are centrltuged 1t
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necessarye Any aopoparent changes In the organlc and agueous volumes, Th2
refractlve Indlces for both phases, and any other factors

(€+g. a perslstent haze) are then noted,

A useful candldate extractant wlll usually show 3 decrease In the
organlc and agueous phase refractlve Indlces won eaulllbratlon. Tnhese
chanjes suggest that a preferentlal extractlon of ethanol has occurred.
In additlon, a useful extractant system wlll probably exhlblt some
lrcreése in organlc volume upon edgulllbration. Other ctoncluslons,
however, can pe drawn from such a test and these are samma~1zed In Tatle
1. Table 2 summarlzes the results of scouting tests that have been

perforasd for several candldate extractants,

Another slmple scouting test conslsts of eaullilbrating known
welghts (tyolzatly, three to tlve mittltlters of each ohase) of solvent
and an aoueous ethano! phases. In thls case the welght percentage of
ethanol In the aqueous phase ls measured using GC analysls before and
after ejullibration. Subseauently, the adueous prase Ls removed f-om
tre samole vlal uslrg a syringe, The resldual organic phase s welghed
ard the aoparent ethanol! dlstribputlor coefflclent may be determlned ftron

tre ethano!l materlal balancae.

It the water dlstributlon coettlclent Is determlned [In thls manner,
however, the technlaue may result In negatlve values pecause ot the
Iraccuracy of physlcally separatlng the two phases and the relatlvely

cmall vatue of the water distrioution coefflclent, On the other hand,

tte method may be Improved by alsc chromatograorlrg a sample ot tne




Table i, Commonly observed refractive changes during scouting tests.

Refractive Index Changes®

Conclusions
Cnase Aqueous Organic
1 0 0 No phase transfer occurred
2 o - Equal amounts of water and
alcohol extracted
b
3 - - More ethanol than water
extracterd
u° + - More water than ethanol
- - extracted andi/or the solvent
1s water soluble
5 + 0 The solvent 1s water soluble,

but does n

ot extract

8411 cases are subject to cancelletion of cha

change reversal
aqueous phases.
after eguilibra
sequently dilut

bThis is the mos

g, due to high solvent solubl

In these cases, the aqueous
tion or else becomes hazy whe
ed with water.

t favorable case.

CThis cese is ambiguous.

nges, or else
lities in the

phase 18 hazy
n it is sub-

91



¢

Observations

Conclueions

phases clear, rapld disengagement

phases slightly hazy
gagement 1n about 5 min.

iifuged to form a hazy organle and
| agqueous phase

phases hazy, disengaged in
13 min.
:lear phaaes

aquecus, clear orgsnic

organfc clear aqueous

aqueous, clear organic

d three phases

]

rifuged to give two clear phases

:1fuged to give clear organic and
;aqueous phase

?1fuged to give two slightly hazyphases
:iguged to give two clear phases
rifuged to glve two clear phases

:lear phasees, rapid disengapement
‘1fuged to glve clear phases

-ifuged to glve two clear phases

neglilible phase tranafer :

'
4

more water than ethanol extracted and/or the solvent is noticesbly water solubl:

more ethanol than water extracted

more water thaen ethanol extracted snd/or the solvent 18 notic ibly water soluble

more ethanol than water extracted

inappropriate extractant
more water than ethanol extracted and/or the solvent 18 noticably water soluble

more ethanol than water extracted

more water than ethanol extracted and/or the sclvent le noticeably water soluble

more ethanol than water extracted

sanic volume.

L1
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organlc phase and then calculating the ethanol=water separatinsn tactor
on a solvent-free basls. In this casey It Is lmpcssible to calculate a
negatlve water distributlon coefficlent, but the waethod may stit| suffe-

from l1ts adverse effects on the basellne of the 6C Instrument.

Table 3 summarlzes several slngle polnt distrilbution coeffliclents
for ethanol extractlon that have been calculateds Solubillty curves and

addltlonal tle llnes have not been measured for most ot these systewns,

Table 3. Single-point GC Test Results

Equilibrium Conditions

a

Solvent System Ag Wt'% DE DN SF
50 vol% trido decylamine 15.0 0.046 0.,0031 15
oxide in NORPAR-12

50 vol#% 2-methoxyl phenol _ Formed Three Phases

in ISOPAR-G

50 vol1% 2-ethylhexanol 22.0 0.75 0.058 13
in Chloroform

50 vol1% methyl ethyl ketoxime 12.9 0.45 0.26 1.7
in NORPAR-12

HMW Conoco diol 8.8 0.51 0.018 28
LMW Conoco diol i 9.1 0.51 0.019 27
100% Chloroform 4.0 0.28 0.019 14

Anitial aqueous weight percentage was 15.5% ethanol.
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The GC aratysls was performec uslng a Hewlett Pacxard S7L0LA GC wlth
a four-foote=1/8 Inch dlameter Poraoak Q 867100 mesh column operated at
140 degrees Centlgrade and using hellum as the carrler gas. Zthanol and
water standards were used to deteralne the weight percentage ethanol as
a functlon of the area orecentage of ethanol asssoclated wlith tne ethanol
and water pea<s only (l.e on 3 solvent=free basls)s A nearly llne3~

retatlonshlp was found to exlst,

Peak Integratlon was performed using a Hewlett Packard 333(A peak
lrtegrator. The reoroducloitity ct csuccesslve Injectlons was such that
variatlons usually occurred only In the third slarlficant flau~e ot the
ethanol area oercentage. When organlc camples were Injecteds Lt was
usually necessary to cvycle the GC to an operatlng temperature of 253
dagrees Centlarade In order to dr Jve the solvent oft ot the column,
Otherwise, the GC would exhlblt excesslve basel ine arlft 3nd the 3~ea
percentaaas assoclated wlth water and athanol woutld not always be

reproddclible.

2.2 "ytuyal Solublilty Curves and Lle Lipes

A synthetlc method (10) may also be used to determlne the
distributlon coefflclents of etharol and water, In thls casey, the
mutual solubltlity cuve Is obtalned by the titrat lon of cloud polnts,
Successive quantltles of elther water and ethanol or else solvent and

ethano! are added to lnduce and remove turbidity from elther tne




2]

saturated organic ohase or glse tre saturated aqueous ohase

respactlvely.

Glven the mutual solubllilty curve, then etharol dlstributlon
coefflclents may dDe determlned from knowiedge of the ethanotl welght
fraction ln the feed and the equllibriuwm ethanol welgnt fraction la the
agueous oroduct. Experlmentaily, these quantltles are convenlantly
determlned by a GC analysls ot the aaqueous ethano! and water alxture
pefore and after 1t Is eaulllbrated with the solventy, the Inltlal welght
of 3queous mixturey 3and the Inltlal welght of the dry, ethanol=frae

solvent,

It the feed compcesitlon Is plotted or a tearnary solvent, wate~, ani
cclute dlagraa and the eaulllbrliurw ethanol compositlon In the 3quedds
ohase ls measured by GC analysls on a solvent=free baslsy, then the
ethanol compoositlon In the organlc phase can be determlned byt (1)
projectlna from the ethanol=water edge of the dlagraa at the polnt of
equltibrium concentration on a solvent- free basls toward the solvent
vertex untll Intersectlng the mutial solﬁblltv curve on the aaueous slde
and (2) proleztlng from the stepo (1) Intersectlon through the feed
composltlon polnt untll Intersecting the mutual solubflity curve on the
solvent slde., The composlton of the organlc ohase 1ls then read frow th2

ternary dlagram at the latter polnt of Intersectlons
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This ue?ﬁod ls useful for determinling water distrlbutlon
coefficlents when the solvent tencs to be wet, but It Is Inaccurate
whenaver the solvent ls dry and/or the wmutual solublity curve Is
dlfflcutlt to reproduce on the solvent slde. In thlis casey, 1t ls more
accurate to chromatograph a sasple of the equlliibrated solvent to obtaln
tre ethanol to water welght percentage on 2 solvernt=t~ge basls. The
separatlon factor may then be easlly calcul ated from the
ethaqol-fo-nafer ~atlos that were obtalned from the G2 analysis fo~ the
agueous and organlc samples at eoul tlbrlum but both on a solvent-f~ee

basls.

Glven the Inltlal organlc and aqueous welghtsy, the Inltial etnhanol
welght fractlon, and the fipal ettanol welaht fractions In the aquedus
and oragan ic phases on a colvent~freae basls, then the solvent, athanol
and water materlal balances may be solved sleultaneously 1t the welgnt
fractlon of solvent In the equlllbrium aqueous phase ls also known. In
many cases whan the ethanol concentratlion Is lows the solvent welgat
fractlon Ln the equliibrlium aqueous phase Is essentlally zero and can bea
negelected. Otherwise, tte solvent welight fractlon In the equl tiv~lum

aqueous phase may be determlned from the mutual solublijty curve.

Mutual solubliity curves and exper Imental tle lines based upon 6T
analysis and cloud point titratliors are presented for several systews In
_Flgs. 1 thru 22, For solvents that conslst of only a singte chemlical
specles (e.g. 2=ethythexanol) the ternary djagram reprasents a comdlete

plcture of tha two phase eaqalliibrla. However, for the blended systeas,

consisting of two or more chewmlcal spec les, the ternary dlagraw Is only
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Fig. 1 Mutual solubility curve for the system: ethanol, water, and
the solvent 2-ethylhexanol.
®
[
®




L
23
_ 1.0
._.
0.8Tr
o
=
=
2 0.6 L
e et
o
‘O
; -
(]
e
- 0.4 L
L £
v
= -
0.2 o .
®
0.0 1 1 1 | A 1 J i A
o 0.0 0.2 0.4 0.6 0.8 1.0
Weight Fraction Water
®
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Weight Fraction Ethanol

o 0.0 0.2 0.4 0.6 0.8 1.0

Weight Fraction Water

Fig., 3  Mutual solubility curve for the system: ethanol, water, and

the solvent decyl alcohol,
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Weight Fraction Ethanol

e 0.0 0.2 0.4 0.6 0.8 1.0

Weight Fraction Water

Fig., 4 Mutual solubility curve for the system: ethanol, water, and

the solvent consisting of pure kerosene.
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Weight Fraction Ethanol
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Fig. 5 Mutual solubility curve for the system: ethanol, water, and
the solvent NORPAR-1Z.
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s Fig. 6 Mutual solubility curve for the system: ethanol, water, and
the solvent 10 vol % tridecy] alcohol in kerosene.
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Weight Fraction Ethanol

Weight Fraction Water

Fig. 7 Mutual solubility curve for the system: ethanol, water, and
the solvent 10 vol % p-dodecyl phenol in n-dodecane,




Weight Fraction Ethanol
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0.0 - 0.2 0.4 0.6 0.8 1.0
Weight Fraction Water

Fig. 8. Mutual solubility curve for the system: ethanol, water,
and the solvent 10 vol % dodecyl alcohol in NORPAR-12,
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Fig. 9. Mutual solubility curve for the system: ethanol, water, and
the solvent 20 vol % tridecyl alcohol in NORPAR-1Z.
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Weight Fraction Ethanol
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Fig. 10. Mutual solubility curve for the system: ethanol, water,
and the solvent 30 vol % TBP in NORPAR-12.
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Weight Fraction Ethanol

Weight Fraction Water

Fig. 11 Mytual solubility curve for the system: ethanol, water, and
® the solvent 30 vol % tricresyl phosphate in Chevron Alkylate 21.
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PY Fig, 12 Mutual solubility curve for the system: ethanol, water, and
the solvent 30 vol % di-2-ethylhexyl, 2-ethylhexyl phosphonate in
NORPAR-12.
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0.0 - 0.2 0.4 0.6 0.8 1.0

Weight Fraction Water

Fig. 13 Mutual solubility curve for the system: ethanol, water, and

the solvent 50 vol % 2-ethylhexanol in 1SOPAR-G,
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Fig. 14 Mutual solubility curve for the system: ethanol, water, and
the solvent 50 vol % 2-ethylhexanol in the Conoco diol.




Weight Fraction Ethanol
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Weight Fraction Water

Fig. 15 Mutual solubility curve for the system: ethanol, water and
the solvent 50 vol % tridecyl alcohol in tetrachloroethane.




Weight Fraction Ethanol
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Fig. 16 Mutual solubility curve for the system: ethanol, water, and
the solvent 50 vol % tridecyl alcohol in 2-ethylhexanol.
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Fig., 17 Mutual solubility curve for the system: ethanol, water, and
the solvent 50 vol % tridecyl alcohol in NORPAR-12,




Weight Fraction Ethanol
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0.0 - 0.2 0.4 0.6 0.8 1.0
Weight Fraction Water

Fig., 18. Mutual solubility curve for the system: ethanol, water,
and the solvent 50 vol % tridecyl alcohol in 2-ethyhexanol.
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Fig. 19 Mutual solubility curve for the system: ethanol, water, and
the solvent 70 vol % tridecyl alcohol in 2-ethylhexanol.
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Fig. 20 Mutual solubility curve for the system: ethanol, water and
® the solvent 30 vol % NORPAR 12, 35 vol % 2-ethylhexanol and 35 vol %
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a partlal rep~esentation. Blnary eclvent systems, for example, reaJire
a tetrahedral diagram to completely describe cpolvent behavlor and the

=ecolvent™ vertex ln this case clmoly detflnes one intersectling olane of

the tetrahedron for the system,

Atl titratlons and tle line ceterminations were perforwed at
approxlimately 23 degrees Centlgrade plus or llﬁus abost one degree. The
srapes of the wmutual colublilty curves for atl Type I systems that have
veen studled (see Figs. 1 ttru 22) are such that the calcul eted values
for the ethanol dlstrloutlon coetftlclents are only stlghtiy affected by
Iraccuracles In the sutual solublilty curves, However, the water
distribution coefficlent calculatlons are more csensltlve whenever ftae
cotvent systew 1S refatively ory (8.9, 10 vol % tridecyl atcohol 1A

NCRPAR=12)y but appear eaorae accurate for the relatively wet systems

(€+9. 2=ethylhexanol).

Distilted water was used to titrate the gotublilty curves and t2
agke up the aaueous ethanol ctock solutlons for tle llne dete~wlnatlons.
The absolute ethanol came from the U«Se Industrlal Chemlcals Co.
throuah the Georala Tech Chemlstry Stock Foome The G- analysls of the
absolute ethano! Indicated no detectable amounts of water and less than

a tenth of a oercent of organic Isourltles,

In most casesy solvents were used without addltional treatment as
they were recelved from the vendorse. Some of the csolvent systems were

distlitled betfore use, but high solvent purlty ls not always desirable.

For example, the crude reactlon mixture rasuliting from the dimerlzatlion




of 2-ethyihexano! ls an oll which Is soluble In dltluents such 8s
n-dodecanes. 0dlstlllatlon In this case converts tte diol to a
crystaliine solld which Is Insoluble In that dliuent and much less
usable as an extractant. MWyenever possibles the less expenslve
“practlcal™ and “technlcal® solvert grades were purchaseds Alt houan the
results are believed to reo~esent the equlilbrlue orooserties o! the bulx
constituents, thls concluslon has not been provers, On the other hand,

tre ag~eement with pudblished eaul tibrluw data Is cood.

2.3 Sirloplna lesis

Oraanlic samples, typlcally about 25 mltilllters, were presared Dy
elthar eoultlhrating the solvent wlith an ethanol and water wlxture or
efse known welghts of ethanol and water were tltrated Into a known
weight of solvents In elther case, the solvent phase was then plazed In
a round-~bottor flask with a ctlrring bar and stripoed using the
apparatus shown In Flg. 23, Etharol and water vapors In thls systew &r2
stbjected to heat from & conctant temperature path and wvacuum whlch

c suses the vaoors to mlgrate tp tte cold traps whlich were cooled uslng

flauid nltrogens

The constant temdoerature batt was brought to the desired
temperatura and the sample flask gut Into place and allohed to
equltibrate while the connecting stopcock to the vacuum SUpply wWas -

closed. After adjustlna the alr bleed on the vacuum supoly Ln order to
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produce the deslred pressutes, the glasswa~e and tubing were warmed
slightly with a heat qun to prevert any vapor condensatjion befare tae

ethanol and water mlxture reached the collectlion trap.

Next, the stopcock between tte flask and the vacuum suDDly was
opened and a tlmer started. Uoon reachling the enc of predete~mnined tilme
perlods, the trips were removed fromn the svystem 8nd reolaced wlith ft~esh

traps In orde~ to cut the condensed oroduct Into fractlions.

In some casesy the oblective of the experimert was to measure the
rate at which ethanol and water were ceparated from the solvent by the
stripolno aoparatus., Materlal balance calculatiors were then tarrled
out byt (1) knowlng the oreclse cemposlition and lrltial welaght of the
extract (whlch was usually titrated), (2) measurlrg the welghts and
compositlions of the oroouct Tractlons and (3) measuring the tinaf welant

and compoSltion ot the ctrlpped solvent,

Mhen the strlpolna apparatus was used simply to verlty & tle=1lney
tren materjal batance calculatlons were rot reaulred, In thls case, the
required anatysis conslisted ofs (1) measurlng the initlal and tlinal
compositlon of the aqueous ohase pefore and after eaullibratlon, (2)
measurlng the Inltlal welghts of organlc and ROUEOUS DNhBSES before
equlilibration, (3) measurling by GC analysls the organlc ethanol=toswate~
welght ratio before strioping, () measurlng by GC analysis the organlic
ethanol=to~water welght ratlo efter strlpolng and (5) measurling the

composltion of the condensed etharol and water product by GC analysis.

The final welght ot condensate Is not reaulred Ln this case although it




£
e

deces permlt 2 celculation of the waterial unaccounted for (MUFY In the

experlment.

Solvent strloplng is usually accompsnled by 3 vigorous bollln3 and
frothing of the solvent phase whlte mass transfer ls Jnderway. In orde-
to estlmate eaultibrlum condltlons at & glven temperature and Dressure,
tre test was continued usually about 30 minutes beyond that tine at
which buboles ceased to apoear In the sotvent., The results shown lr
Table &, for example, were obtalned after stripplrg the solvent for
about two hou~s. During the last houry SO tittie ethano! was recovered
that the system was clearly at equliibr lume These resul ts suggest that

strloper pressures (ess than 40 mr Hg are reaulred In order to obtaln an

adeauate prodJct recovery.

The raesults of two addltlonral ctrlpping tests are summarized In
Tables 5 and 6, Thev suggest that most ot the etranol was strlppoed t-onm
tre solvent salutlon wlithlin the first 20 minutes ct the experlwents.

The operatlng oressure of about 2 wm Hg 3pdears adeauate to obtaln 3
high pbroduct ~ecovery from thls sclvent system al though the Lnltlal

colvent (oadlag W3S somemhat higher than car be attalned by

equltlioration,

Attempts to reproduce tle=llre analysls by recovering small arounts
of product we-e successful, but wera hindered by aopa~ent contaminatlon
oroblems. In particular, 1t was necessary to purge solsture from tae

strioolna apparatus by boltlna the solvent sample several mlnutes before

placling the traps In llauld nitrogen. In thls way, excess water was
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Tahle 4. Stripping characteri stics of 30 v 017 TRP_in n-dndecane. "
Temgerature Pressure YFthanol Str1ppnda
(°c) (mm_1g) at Tquilibrium
35 20 50
35 in a0
50 20 a4
50 10 aaP

AThe initial feed was 4.66 wt% ethanol, 0.16 wt? water, and 95,18 wt? 30 vol% tri-n-butyl phosphate in n-dodecane.

bThe rapid effervescence of ethanol and water resulted in some losses. This value is a projection based upon a
9% loss.

6%



Table 5. Stripping characteristics of 10 vol® isodecanol in n-dodecane.

. a
Fractions

i ? 3 A

Cumulative Stripping Time (min)
Temperature {°C)

Pressure (mm Hg)

Weight of Recovered Fraction {gm)

Cumulativeb 7 Recovered

4.9 15.6 6.8 73.5
54 57 55 66

2.2 2.4 2.3 2.3
13.0103 4.08388 0.0 0.0

75.% 99.2 99.2 99.2

qrhe initial feed was 36.9174 gm of solvent,

16.8201 gm of ethanol and 0.5209 gm of water.

DA maximum of 17.341 gm of ethanol and water could be recovered.

09



Table 6.

Stripping characteristic

s of 10 vol? isodecanol in n-dodecane at 40 °C

Fractions’
1 2 3 4
cumlative Stripping Time (min) 5 20 50 80
Temperature {°C) a0 40 40 a0
Pressure {mm Hg) 2.2 2.2 2.2 2.2
Weight of REcovered fraction (gm) 13.42?9 3.3089 0.0 0.0
Cumu]ativeb % Recovered 70.0 99.7 99.7 99.7

37he initial feed was 35.887 gm of solvent,

ba maximum of 16.8567 gm of ethanol and water could be recovered.

nl

16.3507 gm of ethanol, and 0.506 gm of water.
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reaoved from the systes by the oroduct vaporse On the other hand, 1f
alr was Inadvertently allomned to bleed through the trapy then wate"
condensate ranldly collected even though the alr was passed through 3
drilng tube before entering the trap. Corslderlng the humldity In
Atianta, thls result Is not curorlsina and 11 emphasizes the jmsportsnce

of provliding adeouate ethanol product protection from molsture.

2.4 Extractaast Sypnibesls

In order to develoD 3 celective extractant for ethanol recovery
from dllute alueous soldflons. a serles of oraganlc molecule have been
synthaslzed, These Include 2 wjde variety ot functlonalltles wlth
varylng deg~ees of hvdrophlllc-llroohlllc characteristlics, The org3anljc
extractants have been constructed In such 3 way that ethanol
complexatlon Is enhanced white the Interactlion of the extractlag ajent
with mater has been diminlshed or (jdeally) cospletely ellminated. It
hac been recoanjized that zwl tter=lonic structuras (or seml-polar bonds)
{r which the negatlive charge protrudes Into the sclvent and the poslitive
ctarge ls lemersed In 8 nydrophoblc erwlroneent are japortant structural
featurese. It has also been recogrizea that bydroxvyl functlonalltles and
aroups of hydroxyl functlonallties are ¢! fectlve hydrogen bondlna acents
for ethanols Coupllng these mol ecular features wlth a hydrocarbon
framework whlch IS twdroohobic encugh to rewmaln in the organlc 3aye” and

to diminlsh Llateraction (compiexatlion) wlth water molecules should

result In a more eflectlve extractlon systew,




The following Is a Llst of symnetric and unsymmetric
ohosphatess phosphlne oxldes, sul toxlides, sulfones, anlne
quaternary ammsonlum and phosphonlum salts which have been
for extractlion Investlgatlonse. The aporoaches whlich were

syntheslze each of these structures are susmarlzed in the

sectlon.

Syametr)z and unsymmetrlc triatkyl and trlarvyl

prepa~ed from the reactior ot the correspondlng

Sa

alkvl and aryl
pxldes and
syntheslzed
used to

followlng

phosphates have DEen

organic alcohols wlth

phosphorous oxychlorlide in pyridlire (Reactlons 1 2y and 3 (see Refs
12"15'0
'
%H3 T CH3
N -
3 CH3—?-CH2—0H + POC13 — CH3-?-CH2-O-}§P 0 )
CH3 CH3
Trineopentyl phosphate
OH
i
g Net
N (2)
2 CH.-C—O0H + POC1, —— (CH )c—og—p-m ~
3 3 3057
CH3 0-
I+ .
di-t-butyl-cyclohexyl phosphate
CH2-|-—0+2P-0__<:>
CH3
(:H3 0 CH3 ++ )
OH X 0—- P-0
@ ¢ pOCl, —— @ 3 (3)
CH CH3

3




Triaryliohosphlne oxldes thave been preoared trom the

trlarylpohosphline precursor and m=chlorpperbenzoic acl3d (Reaction &, als>

P csee ref, 15).

C-00H
HCCT C-OH
v s, b s o

¢ d 0

Triphenylphosphine oxide

Diatkyl sulfoxides and sultfones have been prepa~ed ftrom the
reaction of the aporoorileste alky! halldes wlth sodjunm sul flde Jnde-

pkase transfe~ catalytic condlitiors ftcilowed by subsgequent mono- or

dloxldatlon with mechliorooe~benzolc acld (Feactlon S).,




(n-Bu)N'C1
b
P C-00H
0 CH., Q1
It 22 (5)
_ C-00H 1
0 [:;j, 0-
' — H.).C-CH *dCH-C(CHy)
. (CHa)sc'C“z’sijz'c(CHa)3 t,CT, (CH4) 3C-CH,-S-CHp=CLLH, )3
0
Dinecpentylsul fone Dineopentylsulfoxide
L

Trlatkyamlne oxides tave beer preoasred from peracld oxldat]on of

P trlalkylanines (Reactlon &),

0
"
C-00H
¢ ?H(CH3)2 [:;:f ?H(CH3)2
C1 wo- 6
(CH3)2CH-N W (CH3)2CH": 0 (6)
CH(CH,), CH(CHy),
. ' Triisopropylamine oxide

®
Quaternary asmonlum and phosphonlum salts have baen orepa~ed by a3
wodlflcatlon of the Brandstrom lore-palr extractlor technloue (reactlors
7, 6, and 9, see refs 17 and 16).
®
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.--..
‘. - CH2C12 ‘-
(n-Bu)4N 1 ‘+ _CH30-502-06H3 —_— (n-Bu)4N 0 SOZOCH3 + CH3I (7)
@
+_ - S -
(n-Bu)4N D SOZOCH3 + H20 —_ (n-Bu)4N HSO3 + CH30H (8)
I
( 3 C~0-Na+ coo”
+ - + 0
(2-Bu),NHSO;™ + — (n-Bu),N + NaHs0, (9)
Tetra-n-butylammonium 2,6-di-t-butylbenzene
®
. Dlatkyphosphonates have been syntheslzed by weans of the Arouzov-
MIchalls reactlont
OR 0
L I
RO-P:+R-Br/0‘?' R-P-0R
| 00 I
OR R
8
The mecharlsm for this transformatlior Is outilned as followst
?R
® (RO); P: + R-Br = R-0-PT-R + Br~
OR
+
OR
. | :
R—O-g-R + R-Br
|

0-
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o
The alkylbromlide IS present solely as a catalysts Uslng thls approach,
a wide varlety ot alychallc dlallyl phosohonates tave been constructed,
For examplal
L
_ Br
¢ |
/\/Y | 7
RN AVAS
0} ,
e P A +P - 0——{</ )
3 / AN
/2
0-
$
()

& serfes of tong chaln Internal alcoholsy dlolsy, and trlals have
been synthesjized and tested, These extractants may be convenlently

syntheslzed f~omwm [nternal C=12 to C~18 alkenes produced commerczially .

®
from the teleserlzatlion o! ethylene usina a trialky!atuslinum catalys?
Tollowwad by the |somerlizatlon of the termlnal alkenes to 3 mlxture ot
Irternal alkenes. Thls sou~ce ls avallable commerclally and |Is

o
relatlvely Inexpensive (about 2 cents per ooundl,

®
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- The followiny eauatlons represent the methods by which the deslired

extractants have been syntheslzedl

L
CH.OH
1. Oxo process 2
+
(10) R’/’-__H\\‘R' 2. Reduction R R
®
____ i1 H |OH
il. neut. i |
MDOA
®
O OH
1. allylic oxid. R’
> R

1
(12) N 2. hyd.

3. dil. nuet. MnOA“

The oroduct from reactlon 10 orlor to reductlon Is a mlxture of

atdenvdzs. These have been trans formed to the correspondling oximes for

evaluatlion as ethanol extractants.

e HEO HCNOH
H,NOH ’//i\\
(13) iy —i ,

R R




" 3
3 DISCUSSION

The soluslilty curve titratlons and the tle= tlne determinatlions

were carrled out by a nusber of experimentors (see the acknowledaesents)

@® and much ot the aoparent nolse and/or blas in the expelmental data seems

to be a functlon of those indlviduals who made the measurements, ~oOr

exanple, Flas., 24=2€ Lllustrate tte reproducibltlty of the ethano!l and

@ water distribstion coefflclents for three different solvent systems.

Each flgure snows two sets, Or FUrsS, ot observations tnat mere com>leted

orn dlfferant days and by different experlimentors. The ethanol

@® distribution coefflclents we"e cornuted In the flrst run fronm xnpowledge

of the autual csolublilty curve, tte feed mlxture composlitlion, and the

ethano! and water ratlo Ir the orcanlc phases In the sacond rdny, they

® were conouted from the slwultaneoLs solutlon of three materlal balance

eoustlons, but the co tublilty curve was only used to estimate the weioght

fraction of the solvent Ir the eavli tlbrated ratflinate.

»
In the flrst run cé@ses (Flase. 24=26)y the wster dlstribution

coefficlents were estimated from knowtedoe of the organic ethanol welaht

solublllty curve. In

fraction and by projecting graohlcatlly from the

the second runs, the water distributlon coefflclerts were determlined

from the simultaneous solution of three materlal balance egquationse. In

ttese latter cases, the solublilty curve was used only to estinate the

welght fraction of colvent In the equllilibrated raftinates. All othe-

ethanol-to=water ratlos and separstlon factors were calculated directly
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'1ron GC analysls as dlscussed In more detall In cectlon 2.2 of this

report.

}he appbarent nolse and/or blas assoclated with the etnanol
distrlbution coefficlents In Figs. 24 thru b tends to Incresse with
decreasinag easlliibrlum ethanol concentratlions Lln the rattinates. Thls
result Is ororably due mostiy to the fact that the ethanol welght
fractions In the Inltiat and eaqul llorlum 3aqueous phases wWere {ower ands
trerefore, the relative errors in the measuremeants ae larger. For thils
resson, the three outilers In Fig. 25 (l.e. the gecond run with less
than De2) were not Included In the correlatlon, In adaltjon, the errors
tend to be larger In systeas such as kerosene and pure NORPAR-lZ (see
Flgs., 30 and 31) wherse the ethanotl and water distrioution coeftlclents
are very small and thelr organic concentrations are relatlvely daifflcult

40 weasure. that Is shown,

Althcugh the mater dlstrilbution coefflclents for most systems (see
Flgs, 27=+5) Bre ctearly functlons of the aoueous ethaaol
concentratlons, In many cases Il Is not clear whether or not the etnharol
dlstributlon coetflclents are truly dependent upon the ethanol
concentrations In the raffinate. Statlstlcally, the data ofter tend g3
to suoport the opposlite concluslor that the ethanol dlstrloutlon
coefflclents are essentlally constant (e.0,

Flgse 24=26y 31y 334 3G, and 37) for all eoultlbrlum concentrations In
tre raftlinate. Thls concluslon was also arrlved at by Roddy (19,2J) whd

used radjoactive tracers to characterlze a numder of candldate

extractants.
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On the other hand, data obtalned by an individual experimentor
often tend to appear more regular and suaqaest that a sllght deoendence
on thé rattinate et tanol concentrations may exlst (e.9. Flgs. 27, 30,
32, 35, 36, 36=39, and 40=uk) for some ethanol distrloution
coefflcients. Statlistically, however, the correlatlon coefficlents for
models that assume such a relatlorshlp exlsts are often have been
relatively low. In such cases 1t may not be possible to reject the
hypothesls that the ethanol dlstribution coefticlent Is Independent of
tre ethano!l welght ftractlcen In the eaullib~gted raffinates That s, the
ethano!l distributjon coetficlient gppears nearly constant for some
colvent systems. Based on the assumption that It is constant, then one
ctandard deviatlon In the ethanol distrilbution coefficlent tyolcally

corresponds to about plus o~ minus 25 % of the coetfticlent value,

In some cases (see Flgs, 36 and 38), the extraction behavior
appears hlghiy nonldeal Insofar as the ethancl distribution coefficlants
aopear to decrease substantlally at the hlgher ethanol welght fractiors
Ir the eauillorlum raftinate. This charecteristic, 1f It actyally
exlsts, Is hlghly undeslrable since It causes the solute (l.e. ethsnol)
Yo reflux In the extraction cascaces Moreover, 1t Is difficult to
explajin such behavior In the context of thermodyramic aqulilbrla and It
may Indlcate the existence of one or more metsgstable chealcal complexes
whose formatlons are path desendert. In this case the system would not
be truly reve~sible, but addltional experlmental evaluations a~e needed
before such a concluslon can be reasonably drawns The apparent

varlatlons In distr lbutlor coefticlents could be the results of

experlmental errors,




_ In contrast to the experimentally measured e thanol dlstrioutlon
coefficlients, the water distr ibut lon coefflcients clearly lncrease wlth
the ethanol concentration In the equlllbrated oraanlc ptase for most
systems and: therefore, they are cenerally statistlcally slgnltficant
functlons of the ethanol welght fractlon In the eaqulilbrated ratflaate.
Thlis concluslon has also been suqgested by other Investlgators (19-21)
and It tends to be true for the systems that have been studled In tnis
work. Roddy (19,20) suggested that thls behavior (l.eee the mater
extractlon characterlistics) results trom the preferentlal extraction ot

the ethanol-water monohydrate Intc the solvent systen.

The apparent distrlbutlon coefflclents for ethanol and water
extractlon that have been exoerlmentally measured are shown In
Figs, 27=45, In all cBses where 2a correlatlon for the distrilbpution
coefficient Is presented, the sauare of the correlation coetticlenty k.
Is also presented. As already mentloned, 1t Is freaquentiy not possible
to reject the hypothesls that the ethanol dlstrlbution coetficlent Is
essentlally constant, Because of tre Interactlons that are
bellieved (22-23) to occur In alcofol and water systems, howeve~,y the
hlghly nonldeal behavior (e.g. Figs. 36 Bnd 38) that may somet lmes
occur should not be surprising. For example, 11 a complex exlsts (cu)
which is oreferentlally extracted Into & sotvent systes, then the
concentratlon of the more extractable complex mightt be dimlnshed by
Increasing the ethanol conceatratlion In the squeous ohase. That Is, 1t
the actlvity ot the preferentlally extractacted specles decreased 3as tha

total ethano!l activity In the aqueous phase Increased, then the aoparent




B

distributlon coefficlent for ethano! mlcht also apoear to decrease alth

increasing ethanol concentratlons.

It seems that entralnment effects are Important for many 2t the
solvents that have been studled, In the tle-line experiments, for
example, four dram vials (about 14 mls) were used to equllibrate tae
phases wlth vigorous shakling for about ore minute. Subseauentiy, the
tength of time that was requlred to achleve the “prlaary breaks or raol3l
settllna and coalescence of the bulk of the dispersed p hase™ (24) was
measured., In addltlon, wmany ot the solvent systees exhlblted a haze or
fcqg of very small droptets In eltter one or both ¢t the phases, Tne
time to achleve the “secondary breaks, whlch reoresents the slom settlilng

ot the foa™ (2u4) 4 however, was not measured,

Many of the solvents form hazes In the organlc phases whichy
presusably, reoresent wetereln=oll disperslons. Howevery the wnate~
content of the phases at egqultlbrlum generally Increases with the
ethanol content and: therefore, a hazy phase obtalned from eqJillibp~atlon
with tow ethanol stock solutlons (say about 1L vo ! %) may produce 3
drler ethanol projduct than a clear phase obtalned from equllloratlion
with a more concentratec ethanol stock solutlons It ls probabie that
tre ethanol helps to Ssolvate the water and thereby reducesy or
elimlnates altogether, the water haze whlch sppears to form at the fower
ethanol concemfrgtlons. In general, the drlest ethano!l products result
trom organlc phase equlilbrations with tow (leB. 5 to 20 vol X)o rathe*

than high, ethanol welqht fractlors,
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The hazes whilch result In the organic phases are usually easlly
removed @lthe~ by centrlfugation cr else by flitratlon through a3 paoer
flttere Although much verlflcaticn Is stlll requlredy, Lt 1s expected
that a coalescer (24), perhaos us Ing cotton as the flttratlon sedlay

wlll be ueful to produce 3 erystal clear extract,

The primary break tlme generally Increases with the ethanol
distribution coefficient. That Is, those sotvent systems whlcn exnlblt
hlgher ethanol distrlbutlon coefflclents also tenc to exhlolt larger
primary break tlmes. In additlon, the primary break time can becowe
essentlally inflnlte unless a saltlng agent ls added to the aqueous
phase, Conseaquently, small amounts of clt~ic aclc, about 0.5 to 1 wt %,
were routlnely added to tre ethanol and water stock solutlonss This
medificatlon results In acceotibie primary break times, usually less
tran one minute., In the absence of & salting agert, stable emalslons
are formed for many of the csolvent systems that have been s tudied.

Slnca small amounts of cltric acl¢ and other salting agents are normally
present In fermentation broths, hcwevery this modification should not be

partlcularly oblectlionable.

It Is clear that blended sotvent systems can be adjusted 50 3S to
aporoach the desired extractlon propertles. For examole, Flg. L6
chows the effects ot blending var jous awounts of tridecyl alcohol In @
normal paraffin misture primarily consisting of 12-carbon chaln lsowers.
This partlcular diluent, NORPAR-1¢, Is produced as & refinery oroduct by
Exxon and 1t has physlcal propertles whilch are sirllar to those of:

kerosene and n~-dodecane. Its costs, however, is ccmoarable to that of
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KErosene,

As the volume fraction of trldecyl alcohol in the bilended solvent
Is Increased, the ethanol distributlon coefficlent ls also lncreased as
<hown 1n Flgs, Gb. Pure NORPAR=-12 exhliblts an ethanot distributlion
coefficlent of about 0.02 @ ptend of 20 vol % tridecyl alcohol In
NORPAR=12 Increases the ethanol dlsfr;butlon coeftlclent to slightly
above D.1 a 53 vol % fridecyl alcohol and NOKPAFe=1Z blend exhlolts an
ethanol distrlbution coefflcient cf about D.25. Hence the first
Ircremental ajdlitlons of trldecyl alcohol to the NORPAR=12 dllauent yvield
the gqreatast return. The ootlmal blend orobably contalns between
20 to 50 vol Y trldecyl alcohol 1lr NORPARe1Z since the one=to=one
mixture glves only 2 sllgrt lncrease 1In the ethanol dlstribution
coefficlent, relatlive to say 20 vol X trldecy! alcohol In NORPAR~12, bUt

tre 5. % blend resutts In a cuybstentlal decrease In cselectivity (see

Flg. LB).

It can also be seen from Fig. 46 that the substitution ot
tetrachlioroethane for NORPAR=1Z 8s the dijluent further lIncreases the
ethanot distributlion coefflclent at the same voluwe fractlion of trldecyl
alcohol (le2e 50 vol %), Fligure 48 and Table 6 &iso show that 93 the
experlmental ly measured ethanol=to-water selectlivity at 5 wt L ethanol
Irn the ratfinate LS increased nearly an order of magnltude by the
chiorlnated dliluents Presusmably, water and ethanc! both compete for the
extractant and the introductlon of an electrophl! lc hvdrogen bond]lag

agent, such as tetrachloroethane, enhances ethanol extraction becadse

trat specles can share 1ts oxygqen electrons more eftectlvely than water




91
10?
— ] ] 1 | I 1 | i |
— e 1+ 1 tridecyl alcohol + tetrachloroethane .
e - A 2-octanol —
B w 1+ 1 tridecyl alcohol + NORPAR-12 -
~ 0O 10 vol % dodecyl alcohol in NORPAR-1Z 7
- @ 1+ 1 tridecyl alcohol + 2-ethylhexanol -
¢ ¢ © kerosene
103 A 20 vol % tridecyl alcohol in NORPAR-12 ‘__
= pu
fam]
b —
Dw pa—
L J " o
(¥a) ——
.v: a—
-
(=)
)
(] pum—
@ o
5
— 2
3 10 ]
L —
4]
o ——
g —
& . _
Q
e} p—
1]
=
l —
©
[
1+ —
o 2
210 —
= —
Q{
OE :
L- —
) g ]
u-' —
®
1 1 | 1 | ]| | 1 | ]
0.0 0.2 0.4 0.6 0.8 1.0
® Xgs Weight Fraction Ethanol in the Raffinate

Fig. 48 Experimentally measured ethanol-water separation factors for
- several solvent systems.




92

-paonpoud aq ued 3onpoad |OUEYI3 LINEH IN0QR 3O WINW|XeW
-30npoJ4d 43M go © dA3LYOE 03 paJinbad Sp 0Gp IN0Qe 30 A3}A}3O313S wowpU Y

-3onpoad 43M g6 ® @A3iyde 03 paJinbas s} 0G6 3N0Ge JO A31A}3033S wnujuju Vo

0§ €200 6 2€  €20°0 6 2l - YvdHON
g9 €L0°0 6L iy €0°0 Ll auasou4dy
26 ©l'0 Y6 g8 BL'O EEL Jutioseb papeajun
v9  §5°0 9t 0§ 25°0 ol foyoae [A33p
65 G470 € 17 L0 Sl {oue3do - ¢
89 970 bt 65 py 0 L2 fouexay LA43iad - 2
W 9GS IM 30 S

OL0 = 9x G0°0 = X SWA}SAS JUIA|0S

“SJUBA [0S popua[yuil J0 SI13SHadjoRaRyd uoi3oea3x3y -/ 9l4el




¢ * ® ™ ®

Table 8. Diluent effects on ethanol and water extraction ysing tridecyl alcohol

X =0.05 X = 0.10
Solvent System - & : e

S De Wt S De Wt?
50 vol % tridecyl alcohol in 2-ethyl hexanol 19 0.44 50 16 0.5 64
50 vol % tridecyl alcohol in 2-octanol 31 0.6 62 24 0.6 73
50 vol % tridecyl alcohol in NORPAR-12 130 0.25 87 93 0.26 91
50 vol % tridecyl alcohol {n tetracholoroethane 1097 0.29 98 493 0.33 98
70 vol % tridecyl alcohol in ?-ethyl hexanol 32 0.38 63 25 0.42 73

Ap minimum selectivity of about 950 is required to achieve a 98 wt? product.

ba minimum selectivity of about 450 is required to achieve a 98 wt% product.

£6
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due to the presence of the ethyl group. In additlon, the chiorinated
dltuent also enhances phase separatlon and tends to reduce the orlmsry
break time and the entralnment eftects. With respect to the solvent
extractlion cascade operatlony therefore, the addition ot

tetrachloroetnane 1s clearly beneficlal.

The mechanlsms of ethanol and water extractlcn apoear conplex under
the condlitlons of thls study. Earller worx by Roddy and Coteman (210)
suggests that the ethano! wonohydrate was the orimary extractadte
specles. In thelr work, however, an spparatus deslgned gspeclflcally to
minlmize entralnment was used to provide a constant Inter facial area
between tte two phases. This apparatus avolds the formatlon of harzes
and may account for some of the experlmentally messured dlfferences
between the two studles. For exampley the lines Dlotted in Fl3. 47
shoutd be nea~ly Vinear 1T 3 single specles, such as the ethanol
mcnohvdrate, 35 Is orimarlly the extractable compleXe. Insteady, the
observed changes In sfiope suggest that the primary mechanisms tor
extractlorn are changlng. Moreover, the measured distribution
coefticlents measured In thlis study are generally laraer than those.
observed earllier (15,20) and the salectivlities are oftean lower,
Probabty, these dltffferences can be largely ettributed to the mentlioned

differences In entralnantralnment. Genaral ly, however, the trends

observed In the two studles are very slmllara.
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The obse~ved solvent selectlivity ls cleasrly a tunctlon of the
ethano! welght fraction In the rattinate as ls shown In Flge 4Be The
highest selectlvitlies for any glven solvent blend generally occur at the
lcwer ethanol concentrations and the rate at which the selectivity
decreases Is atso a functlon of tre sotvent system. Those solvent
systems with the greater celectivitles also show a greater rate ot

decrease In selectlvity wlth Increasing ethanol concentrations,

Flgure 43 shows the projected ethanol product cosposlitons that can
97 pbe produced from several colvent systems, basec upon the
experimental ly measured tle-llnes. A1t houah the selectivitles tend to
decrease with lncreasing ethanol concentrations (see Flag. 48)y the
ethanol produczt quallty goes through a wmaximunm (sSee Filgs L43) in many
ceses, These data Indlcate that the soivent systemst (1) 1C vol X
dodecy ! atcohol! In NORPAR=12, (2) 20 vol % trldecyalcohol In NDRPAx=1cy
and (3) 50 vol ¥ tridecyl alcohol In tetrachloroethane are all capaole
of producling a fuel=-grade (l.e. 98 wt %) ethanol prodscte. Inltial
ethano!l increments result In a drjer oproducty which Is oresumaoly dJe 0
the Increased ethanol competlitlon for the extractant and, consequentiyy
strips some of the water from the extract. HowWwevery, as the ethanol
concentrations In the agueous phase contlnue to ircrease, the ethanol
product aquallty that can be achlevec eventually beglns to decrease.
Probablys, thls latter effect results trom the fact that the ethanol
helps to solvate the water in the organlc phass. Hence 3 clea~ organlc

phase may actually contaln more water than a hazZy One,
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| Tables 7 thru i1 are based or the experimentzl data, but the 1J1
distrlbution coeftlcient correlatlons (where appl lcable) have been used
to smooth the Individual observatlons. In these tables the
ethanol-water selectivities, etnharol distribution coefflclents, and the
estimated waelght percentages of ethanol In the product condensates (or 3
solvent-free basls) are presented at egquliibrium ethanol concentrations

of 5 and 410 wt % In thelr raffinates,

Table 7 shows the observed ctraracterlstics for several unsliended
alcohols and unleaded gasollne. Although unleadec gasollne has the
greatest selectivity among these candldates, 1t appea~s that the d-lest
ethanol product which could result from thls solvent system 1s orly
about 93 wt ¥ ethanol. Therefore, unleaded gasollne 1s not pa~tlcularly
useful for producing gasatol directly. In additlcn, Its toxiclty,

fiammabltity, volatllilty, and bad smell make gasollne {ess desirable as

a solvent,

The seleztlvitles of kerosene and NORPAK=12 2150 aopear relatlively
low in Table 7. Atthough these systems are dry, the ethanol
distribution coetflclents are alsoc aqulte low which results In |ow

ethanol-water selectlvity vatues,

Sone of the dlluent eftects on tridecyl alcohol use as an
extractant are summarlzed ln Tanle B. The use of NORPAR=12, Frathe~ than
2=gthylhexanol or 2~octanol as 8 dltuent, (because the pure tridecyl

alcohol 1ls too viscous) substantlally lncreases the observed

celectlvitles, Thls effect, however, Is not as dramatlc as fthe Increas?2
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Table 9. Tridecyl and dodecyl alcohol concentration effects in NORPAR-12

Solvent System Xe = .05 Xe = 0.10
a b
S De Wt% S De Wt%
10 vol % tridecyl alcohol in NORPAR-12 or kerosene 36 0.053 65 32 0.057 78
10 vol % dodecy! alcohol in NORPAR-12° 8 0.063 95 337 0.065 97
20 vol % tridecyl alcohol in NORPAR-12 £39 0.1z 97 455 0.13 98
50 vol % tridecyl alcohol in NORPAR-12 130 0.25 87 66 0.26 92

38 minimum selectivity of about 950 is required to achieve a 98 wt % product.

bA minimum selectivity of about 450 is required to achieve a 98 wt % product.

“This system yields a 98 wt% product when equilibrated with a 20 wt% ethanol raffinate (i.e. Xe 0.2}.

66




Table 10. Effects of 2-ethyl hexanol blending on extraction behavior

Solvent Systems Xe = (.05 Xe - 0.10
5 0, Wt 5P D, Nt
2-ethyl hexanol 27 0.64 59 19 0.67 68
50 vol % 2-ethyl hexanol in ISOPAR-G 22 0.13 54 20 0.20 69
50 vol % 2-ethyl hexanol in tridecyl alcohol 19 0.44 50 16 0.50 64
50 vol % 2-ethyl hexanol in the Conoco diol 20 0.43 51 16 0.50 64

50 vol % 2-ethyl hexyl, 25 vol % decy] alcohols in
NORPAR-12 80 0.52 81 53 0.55 85

35 vol % 2-ethyl hexyl, 35 vol % tridecyl alcohols in
NCRPAR-12 27 0.36 59 22 0.39 71

25 vol % 2-ethyl hexyl, 25 vol % tridecyl alcohols in
ISOPAR-G 121 0.50 86 88 0.50 )

34 minimum selectivity of about 950 is required to achieve a 98 wt? product.

bA minimum selectivity of about 450 is required to achieve a 98 wt% product.

00T
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Table 11. Extraction characteristics of several phosphorous based solvents
X = 0.05 X =0.10
e e
% D we, S D Wt
e e

10 vol % p-dodecyl phenol in n-dodecane N 0.08 62 27 0.081 75
30 vol % tri-n-butyl phosphate in MORPAR-12
30 Vol % di-2-ethyl hexyl, 2-ethyl hexyl
phosphonate in NORPAR-12 40 0.12 68 36 0.13 80

a
A minimum setectivity of about 950 is required to achieve a 98 wt% product.

b
A minmum selectivity of about 450 1s required to achieve a 98 wt% product.

10T
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that 1s observed when tetrachloroethane 1ls used. Unfortunately, thls

chlorlnated solvent Is relativety toxlic and volat [l e.

Table 9 further summarizes the exoerimentaltly observed aeffects of
changing the votume fraction of an allphatlc alcohol extractant, sJch as
trldecyl sicohol, which has been blencded with NORPAR=12. As the vdlure
fractlon of trldecytl alcohol In tte blend s lncreased, the etnanol
dlstribution coefflclent also Increases as shown In Flg. 4Be. The
selectivities,however, are relatively fow using 1C vol X tridecyl
alcohol. They increase usling 20 vol X tridecyt alconol,y 3ppear to 0ass
throuah some maxlimum value at an intermediate volume percentage of
tridecyl alcohol, and then decrease when 50 vol % trldecyl alcohol In
NCRPAR=12 ls used as the extractant. The reasons for thls pehavio~ are

unclear, but they probably Involve competing effects as has already been

sugjested,

Table 3 also shows that 20 veol % trldecyl alcohot ln NORPAK-12 can
be used to produce a 98 wt X etharol product when contacted wlth a
raffinate contalning 10 wt % afhanol. The data also suggest (not shown
ir Table 9) that a solvent system conslsting of 10 vol % dodecyl alcohol
Lr NORPAR=12 can be used to produce a 98 wt ¥ product when contacted

wlth 8 20 wt ¥ raftjinate at equlllbrium,.

The data in Table 10 suggest that the btendlng of ternary solvent
systeas may have advantages over binary blends. A siwmple
Interpretatlion, for examole, suggests that dltutleg 8n extractant by a

tfactor of two mlight reduce the ettanol aistributlcn coeffticlent by a




factor of two aliso at the same equl ti1brjum raftinate conditlons. Tne
dats ln Table 10, however, suggest that a factor of th~ee reductlon
occurs when 2-ethyihexanol 1s dituted to 58 volX ot 1ts mnaxlmum hydroxyl
strengthe On the other hand, the one-to-one blend of z=ethythexanos!l 3an3
trldecyl alcohol shows 3 raducflor only by a factor of about 1.3 ln the
ethanol distrlbution coef flclent when 1t Is concentrated to 50 vol % of
Its maxImum hydroxyl strength. Bcth the blended system S0 vol 4
2=ethylhexyl, 25 vol 2 decyl alcorols In NORFAReiz and the systenm

2¢ vol % 2=-ethylhexviy 25 vol X trldecyl alconols in ISOPAR=G show
slgnlticantly Improved selectlvitlies over cstraight 2=ethylhexanol, put
only silaght reductlons In the gthanol dlstrlbutlor coefflclents.,
Blendling seems tO be yletding greater improvements In these c3ses thar
might be expected based upon the behavior of thelr respective blnary

analoaqueasSs

The data In Tabi € 11 suggest that only silanht improvements may be
obtalned from simpie blnary phosptate and phosphorate extractlon
systens, However, ternary bl ends such as a phosphate or phospohonate
coupled with tridecyl alcohol and NORPAR-12, for examDle, should

orobably be examlned,

Some of the more favorable extractlon systems have been studled by
derlving corretations for the distrlbution coef flclents based on the
experlmental data and per forming counter current equllilbrium stage
calculatlions using the GENEX computer code. Thls amalysls suggests tnhat
the one-to-one blend of tet~schloroethane and tridecyl alcohol, to~

exampl @, can be used to racover about 98 wt X of the ethano!l In a 5 wt X
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Iritlal ethano! feed as 2 fuel-grade product using ten theoretlcal
stages and an organlc~to-aqueous we lght ratlo of sbout u,?. Tuenty

vol X tridecy! atlcohot ln NORPAR-12 has been estlisated to recover over
99 ut_z‘of the ethano!l In a 26 wt % feed (5) 8s a tuel~grade product
using sixteen theoretlcal stages and an organlc-tc-aqueous welight ~3atlo
of about 7.6, Since Increasling tre operating tempertayre to aodut 35
degrees Centlgrade is expected to Increase (19) the ethanol dlstributlon
coctflcleonts, the requlired organlc-to-aquedus melaht ;atlo s expectea

to be reduced from these estlmates durlno actual gractice,

The operatling oressure of the strioper In the conceptual process Is
tf ixed by the strioolng reaulrements for solvent recycles As the
strloper oressure Is reduced, the condensation temoerature of the
ethanol oroduct must alsc be reduced In order to control the toss of
product throuih excesslve bolling. The data In Tables 3~5 suggest that
tre stripoer operatlng pressuras way be as higher than 2 ®a Hgy but they
are orobably |ess than 1¢ mm Hg., However, addltlonal experimental
measureaents are needed before s deslogn basls can be tirmly establlished
usling the best blends that have been ldentlfled so tar. Durlng the next
year, a new stripolng aoparatus wlil be assembled and operated. Tnls

aspparatus wltll peralt a more preclse control over the tenmperatures,

pressures, ani the system amaterlal balances.




105

4 SUMMARY AND CONCLUSIONS

In order to develop a more attractlve method than conventional
dlstitiatlon for drylng ethanol, It ls necessa"y to find diffe~ent
chemlcal andszor physlcal gropertles to explolt.e Thls and may be
achleved by utlilzlirng 8 two=step process corsistling of solvent
extractlion foltowed by vacuum distiiiatjon of the extract, for examole.
In this w3y the soivent [s used to dry the ethanocl product. In
acdltlon, @ high molecular welght organic solvent may be chosen so that
tre ethanol/solvent relatlive volatlllty Is slgnlf lcantly greater than
the ethanol/water relative volatlliity. 1In other words, the orlglnal
ethanol/water separatlon IS replaced bby a solvent ext~action step to
separate the ethanol from water ard a new ethanol/solvent vapor
separatlon steo that can be made e€asler by the dellberate selection ot 3

less volatlile organic sclvent,

in princlole, this strateay for recoverling tfuel=grade ethanol from
dllute fermentatlion i§louors has several advanrtages. First of all, the
retiux reaulrements can be substartlally reduced. Secondly, when the
ethanol/solvent volatlliity difference iIs large 1t Is poosslible to
greatly reduce the enargy reaqulrements ot the Drocess compared to
conventlonal distitiation. Third, slnce the water Is rejected by
solvent extraction rather thar by distitlatlion, the product dryness IS

not constrained by the azeotrope. Therefore, the need for s flnaf‘

benzene dryilng stlil may be elimirated.
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A considerable amount of work Is stlil needec to verlfy the

existlng datal! howevers, these prellminary results are encouraginge. They

syggest that a feaslble process cé&n be developed and that 1t may be less

expenslve to operate than conventlonal distlitation. Desplte the

experimental uncertalntles that ncw exist, the fotlownlng conclusloas can

be drawn?t
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9.

The selectlvities for solvent systems generally decrease wnlth
Increasing ethanol concentratlons In thelr equitibrlum
rafttinates,

The selectlvities are strongly affected by the dituent. Tney
are enhanced by etectrophltlc hyd~ogen bonding agents, such as
tetrachloroethane, and they are diminished by nucleodhllicz
hydrogen bonding agents such as g=ethyhexanol.

Solvent btendlng affects both the solvent afflnlty for etnanol
and lts selectivity.

Favo~able synerglstic effects mavy occur by blending disslimilar
atconols such as 2-~ethyltaxanotl, tridecyl alcoholy dodecvyl
alcohol and 2Z=octanol tocether.

Biended ternay solvents may exhlblit favorable prooerties tnat
are not present in thelr biended binary analogues.,

several solvent systems ex st for oroducling at least 3 98 wt X%
ethanol product lIlncludlngt (1) 1L vol X dodecyl alcohol In
NORPAR=12, (2) 2C vo! X trldecyl 3lcohol ln NORPAR-12, and (3)
50 vol ¥ trldecy! alcoho! In tetrachlioroethane,

Chlio~lnated hydrocarbon dltuents greatly enhance the
cete-tivity of extractants such as trldecvl alcohol, but they
probably wiil have llw]lted use as solvents due to thelr
toxlcitles and volatillitles which witl lnterfere with ethanol
orodict recovery by vacuum strloolng,

Phosphorous based extractants, such as phosphates and
phosohonates, oprobably d¢ not offer any particular advantages
over extractants llke trldecyl alcohol.

Any advantages for using dlols and/or 4rlolis as extractants are
diminished by thel~ Increased viscoslties and tendenclies to
form third phasese.
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10, The class of trlalky! amline oxides probably does not pffer any
partlcular advantages over extractants such as trideczyl

alcohol.

&
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